The self-incompatibility (S-) locus region of plants in the Brassica family is a small genome region. In Arabidopsis lyrata, the S-genes, SRK and SCR, encode the functional female and pollen recognition proteins, which must be coadapted to maintain correct associations between the two component genes, and thus self-incompatibility (SI). Recombinants would be selfcompatible and thus probably disadvantageous in self-incompatible species [1, 2]. Therefore, tight linkage between the two genes in incompatibility systems is predicted to evolve to avoid producing such recombinant haplotypes [3] . The evolution of low recombination in S-locus regions has not been rigorously tested. To test whether these regions' per-nucleotide recombination rates differ from those elsewhere in the genome, and to investigate whether the A. lyrata S-loci have the predicted effect on diversity in their immediate genome region, we studied diversity in genes that are linked to the S-loci but are not involved in incompatibility [4] and are not under balancing selection. Compared with other A. lyrata loci, genes linked to the S-loci have extraordinarily high polymorphism. Our estimated recombination in this region, from fitting a model of the effects of S-allele polymorphism on linked neutral sites, supports the hypothesis of locally suppressed recombination around the S-locus. All four flanking loci had polymorphisms in the regions sequenced, including indels (see Figure S1 in the Supplemental Data available with this article online). For three loci, B120, B80, and B70, all plants were heterozygotes (some plants initially appeared homozygous as a result of nonamplification of some alleles, but new primers amplified second alleles in these plants), and all but two were heterozygous for B160. Nucleotide diversity was extremely high for the two genes closest to the S-loci, B80 and B120 (Figure 1) , with lower values in the two more distant loci. Synonymous-site divergence, K s , from A. thaliana was, however, similar for all genes and was similar to values for other genes; average estimates for European A. lyrata populations are 0.135 [20] and 0.154 [21] . Thus, the S-flanking genes' high diversity cannot be attributed to unusually high mutation rates.
ical models of balancing selection predict that very high diversity can be found in the nearby genome region [15, 16] . If recombination is suppressed, the region could be extensive [18] .
To test whether these effects are detected, we estimated nucleotide polymorphism in a natural A. lyrata population by sequencing four genes flanking the S-loci, with functions unrelated to incompatibility [4] . Several genes are located in the region flanking the S-loci in A. lyrata and in the orthologous region of the long arm of A. thaliana chromosome 4 (in A. thaliana, the S-loci are pseudogenes; see [4, 19] ). Two A. lyrata S-locus haplotypes have the same gene content as A. thaliana, but with different sizes and organizations of the region [4] . We studied diversity in genes B70, B80, B120, and B160 (Table 1) , two on each side of the S-loci [4] ; these genes are in the same order in two A. lyrata S-locus haplotypes and in A. thaliana.
The putative alleles of the sequenced genes cosegregate with parental SRK alleles ( Table 2 ) and with another nearby locus, the ortholog of the A. thaliana ARK3 gene (J. Hagenblad, personal communication). This establishes that all four loci we studied are linked to the S-locus and are single copies in the A. lyrata genome (see Experimental Procedures).
All four flanking loci had polymorphisms in the regions sequenced, including indels (see Figure S1 in the Supplemental Data available with this article online). For three loci, B120, B80, and B70, all plants were heterozygotes (some plants initially appeared homozygous as a result of nonamplification of some alleles, but new primers amplified second alleles in these plants), and all but two were heterozygous for B160. Nucleotide diversity was extremely high for the two genes closest to the S-loci, B80 and B120 (Figure 1) , with lower values in the two more distant loci. Synonymous-site divergence, K s , from A. thaliana was, however, similar for all genes and was similar to values for other genes; average estimates for European A. lyrata populations are 0.135 [20] and 0.154 [21] . Thus, the S-flanking genes' high diversity cannot be attributed to unusually high mutation rates.
Hudson-Kreitman-Aguadé (HKA) tests confirm significantly high diversity of the S-flanking genes. The null hypothesis that all loci have similar polymorphism levels is rejected against a nested model with the four S-flanking loci being unusually polymorphic (p < 0.001), or with just B80 and B120 differing from the other loci (p < 0.001). These tests assume no intralocus recombination; they also assume linkage equilibrium between loci [22] , which is valid for the reference loci (unlinked to the S-loci). Diversity differences between the four loci flanking the S-locus region are, however, nonsignificant by a multilocus HKA test. This is not surprising because the physical distances between the closer and more distant loci in each flanking region are minor compared with the distances of these genes from the nearest S-locus (Figure 1 ). Pairwise tests between individual loci suggest significantly (p < 0.05) lower polymorphism at B160 than B80 or B120 for all site types. This genome region is also highly polymorphic in the closely related inbreeding plant, A. thaliana [19] , whose mean species-wide synonymous-site diversity is below 1% [23, 24] . One locus studied here, the U box gene B80, has extremely high synonymous diversity (0.061, see [19] ), consistent with elevated diversity in this gene in A. lyrata being due to linkage to the S-loci. After the loss of self-incompatibility in A. thaliana, balancing selection would have ceased at the S-loci, and any remaining variation at sites that recombine with the gene causing loss of incompatibility should slowly decrease toward this species' equilibrium level, under genetic drift. A. thaliana may not have been inbred for long enough for this to have happened [19] .
High diversity at the loci studied might be due to balancing selection acting on these loci themselves. However, likelihood-ratio tests do not support diversifying selection. For all loci, selection model M8 (see Experimental Procedures) fits the data no better than M7. By comparing models M0 and M3, we found that three genes also give no evidence for heterogeneous substitution rates; this analysis was significant (p = 0.001) for B80, but the estimated ω values (0.49 for 22% of the sites, and ω = 0.00001 for the remainder) suggest purifying, not diversifying, selection. We conclude that high diversity at loci in the S-locus region is due to linkage to the S-loci.
Estimating Recombination Rates
Silent-site diversity in the flanking loci is much lower than that in the SRK locus [9] , suggesting some recombination in the S-locus region (Figure 1 ). Established recombination estimation methods cannot be used because of balancing selection at the nearby S-genes. We therefore estimated rough recombination rates by using expected diversity levels at neutral sites affected by linkage to an S-locus (see Experimental Procedures). Extremely close sites can accumulate differences to an extreme degree, as between a set of isolated populations [25] . A recent analytical model studied the effect of frequency dependence at a gametophytic selfincompatibility gene on diversity at closely linked neutral sites [16] ; for large recombination rates, R = 4N e r (r is the recombination rate per nucleotide), this model predicts diversity lower than the background level, and the distance at which its predictions are accurate is unknown. It has been applied to the Nicotiana alata S-locus region [16] , but without physical map information for this region, or data on levels of diversity for non-S-loci, only the recombination/mutation rate ratio (R/θ) can be estimated. In A. lyrata, with known distances between S-locusregion genes, we can estimate a maximum crossover rate per nucleotide, given the number of S-alleles in the population (n); because at least 30 A. lyrata S-alleles are currently known [7, 26] , we assumed 51 for our population. Assuming the neutral mutation rate = 1.5 × 10 −8 (see Experimental Procedures), this yields roughly 1 cM per 6 Mb. The fit of the model is shown in Figure  2 . Our analysis overestimates r per nucleotide (with 21 alleles, one cM corresponds to about 14 Mb, and a lower mutation rate also increases this). Our estimate is rough because physical maps for only two A. lyrata S haplotypes (a and b of [4] , i.e., S-alleles 13 and 20, respectively, of [7] ) are currently available. Neither of these is found in our study population, and distances could differ somewhat in other S-haplotypes, but it is clear that our crossover rates are low; in other studied plant noncentromere regions, 1 cM generally corresponds to less than 1 Mb [27] . For the A. lyrata population studied here, the crossing-over rate is estimated to be at least 1 cM per 1.7 Mb [28], but even a lower rate than this fits the observations poorly (Figure 2) . Figure 
Diversity of S-Flanking Loci in A. lyrata Orthologs
The diamonds show, on a log scale, observed synonymous-site diversity θ R , relative to the mean for reference loci (θ 0 ), for six genes in the A. lyrata S-locus region. We assumed a distance of 1 kb for the SRK kinase domain whose diversity has been estimated previously [9] and 20 kb for the ARK3 ortholog (Aly8 of [8] ). Aly8 is duplicated in some haplotypes, so the diversity cannot be estimated without knowing from which locus the sequences come; we therefore show upper and lower estimates. The upper value assumes that they are all from one locus, and the lower diversity assumes two loci between which sequence exchanges are so common that they behave like a single locus with double the actual effective population size. The red circles and line show neutral diversity values predicted from equation (21) of [16] , assuming the approximate recombination rate for the region estimated from our data with the regression approach (see Experimental Procedures) and 51 S-alleles. Because the regression including all loci does not indicate a statistically significant effect of distance, one 95% confidence interval suggests no recombination; the other confidence interval yields 2.9 cM/Mb. The blue circles and line show predicted neutral diversity assuming 1 cM/2 Mb.
To estimate recombination without assuming a known allele number, we also fitted the equation [11, 29] Loci were chosen from the A. thaliana genome (www.arabidopsis. org). Primers (Table 1) were designed with the published sequence of A. thaliana BAC T6K22 and BLASTed against the whole genome to ensure that primer combinations were unique. PCR-amplification conditions were as follows: 94°C for 3 min followed by 30 cycles of 94°C for 30 s, 55°C for 30 s (annealing), and 72°C for 60 s followed by 10 min extension at 72°C, except for B70 (annealing temperature 57.5°C). PCR products were purified with QIAquick PCR purification kit (QIAGEN) and cloned with TOPO TA (Invitrogen, San Diego), and at least five clones were sequenced on an ABI 377 automatic sequencer with Dyenamic (Amersham Biosciences). On the basis of at least two sequences from each of two independent PCR reactions, after manual checking with Sequencher (Gene Codes Corporation), at most two sequences were found in each individual. The sequences are thus alleles at one locus.
Segregation Analysis
To test for cosegregation of flanking locus alleles with S-alleles, we studied two families with known parent and progeny S-allele (SRK) genotypes [34] ; one parent is common to both families. We inferred the alleles associated with each S-allele in each parent, for all four flanking genes (i.e., the linkage phase of the five-locus parental haplotypes), by using restriction enzymes chosen to generate banding patterns distinguishing the parental alleles within each family (Table 2) . One allele of each parent was scored, and the other was inferred. Parent 2 of family 12 was homozygous at locus B160 (the alleles associated with S 9 and S 14 are identical in sequence and are found in all progeny).
Polymorphism and Divergence Analysis
Sequences from our natural population sample were aligned with Clustal X v. 1.81 [35] with the default conditions and manually adjusted in BioEdit [36] . Intron-exon boundaries were determined after alignment with cDNA sequences of the A. thaliana orthologs of B70, B120, and B160 (B80 has no introns). Nucleotide diversity among the A. lyrata alleles and divergence from their A. thaliana orthologs were estimated by Nei and Gojobori's method [37] , with DNAsp v. 4.0 software [38] .
PCR products were obtained from nearly identical samples of plants. Most individuals were heterozygotes. No deviations from Hardy-Weinberg equilibrium were detected, with Arlequin software [39] . For diversity analyses, the sequence from apparent homozygotes was entered twice (thus, diversity may be underestimated, if divergent alleles did not amplify because of variants in the primer sites).
To test the significance of diversity differences, we did HKA tests . This test is intended for analysis of divergence of orthologous sequences from different species, and thus it assumes no recombination between the sequences; if recombination is rare, it can be used for our sequences, even though they are from a single species. The M7(β) model allows sites to have ten different ω values (between 0 and 1) from a β distribution, and thus it provides a null model for testing for diversifying selection by comparing with model M8, which has an additional category of sites whose ω value can exceed unity [43] .
Estimating Recombination
We estimated the recombination rate for the A. lyrata S-locus region by fitting our diversity data to an explicit model of diversity at sites at different distances from an S-locus [16] , assuming gametophytic incompatibility and equal frequencies of all S-alleles. Incompatibility in A. lyrata is a sporophytic system, probably with unequal allele frequencies, because recessive alleles will often, but not invariably, be most frequent [44] [45] [46] . This model includes hitch-hiking events that occur when functionally new alleles spread, increasing the frequency of a haplotype very similar to a pre-existing one and thus lowering genetic diversity [16] . However, if alleles are maintained for very long evolutionary times (i.e., turnover is extremely rare), this effect should be slight [16] , and sporophytic incompatibility should affect diversity similarly, so this model can be used for A. lyrata populations, with many S-alleles [7, 26] .
Given the uncertain distances, maximum-likelihood estimation [16] is unjustified. Instead, we used equation (21) of [16] to estimate R:
For each flanking gene, we used our diversity estimates as values of θ R in the equation, and the estimated silent-site nucleotide diversity for the A. lyrata study population (0.0127) was used as the value of diversity for unlinked loci (θ 0 ); this value is based on 22 non-S-locus genes, excluding PgiC, which has exceptionally high diversity [28, 47] . f is the multiple by which diversity at the selected site is increased compared with the population's θ value. Conservatively, we used a value of 50, based on synonymous-site diversity in the SRK S-domain, which is too high to estimate accurately [9] ; smaller values yield lower r estimates. To estimate r (=R/4N e ) per kb for the region, assuming n S-alleles, we regressed 2(n − 1)(θ 0 / θ R − 1/f ) against distances from S-loci (proportional to r) and used = 1.5 × 10 −8 estimated from divergence from orthologous A. thaliana sequences [28] to estimate 4N e (θ = 4N e ). 
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